Fibroblast heterogeneity is known to exist in chronically inflamed tissue such as pulmonary fibrosis (IPF) 
Introduction
Pulmonary fibrosis is a chronic and devastating condition characterized by pathologic alterations of extracellular matrix elements ultimately affecting the functional integrity of the lung (1) (2) (3) (4) (5) (6) . Thought to be initiated by inflammatory reactions in the alveolar wall, fibrosis is most likely the end result of a dynamic repair cascade, which proceeds to chronicity by unknown mechanisms (7) (8) (9) . In addition to well-recognized contributions made to the process by inflammatory cells, we and others have demonstrated that tissue structural cells, including fibroblasts, endothelial cells, and epithelial cells, are capable of releasing potent inflammatory and matrix modulating media-pathogenesis of idiopathic pulmonary fibrosis (IPF) .'
The existence of phenotypic heterogeneity within the resident fibroblast population of a given tissue has been widely described. We and others have previously reported that fibroblast lines established from histologically proven fibrotic tissue or chronically altered dermal tissue display differences in proliferative potential, matrix gene expression, cell surface marker expression, and cell-mediated responses (12) (13) (14) (15) (16) . Moreover, we have also shown similar proliferative differences with primary lines established from neonatal lung tissue ( 17) . However, whether these in vitro differences relate directly to the fibrotic process or contribute to the chronic inflammatory reaction is not yet clear.
Recently, a number ofcytokines have been shown to have a profound impact on fibroblast characteristics, including growth factors such as PDGF and TGF-,B. These factors modulate fibroblast proliferation and can mediate transformation of fibroblasts, inducing these cells to anchorage-independent growth (reviewed in references 18 and 19). Moreover, TGF-f and PDGF have been shown to be present in greatly enhanced amounts in lung biopsies from IPF patients (20) (21) (22) (23) , implying that cells found in IPF tissue may exhibit characteristics of growth consistent with chronic exposure to these cytokines.
To determine whether the various fibroblast lines we have established from adult and neonatal human lung tissue demonstrate abnormal growth characteristics, we established a soft agarose suspension culture assay and show here that primary fibroblast cell lines derived from human adult fibrotic lung tissue, but not those from normal adult lung tissue, form colonies under anchorage-independent growth conditions. Further, we show that primary fibroblast lines derived from neonatal lung tissue also exhibit the ability for colony formation under anchorage-independent conditions. These colonies demonstrate a pattern of synthesis of intra-and extracellular matrix (ECM) proteins typical of fibroblasts. Anchorage-independent growth characteristics are maintained by the fibrotic cells even after selection and clonal expansion of single colonies. The presence of these "transformed" phenotypes in fibrotic adult and neonatal cell lines suggests the process leading to fibrosis may involve de novo stromal cell differentiation, possibly under the influence of inflammatory mediators.
Methods
Reagents. Streptavidin-peroxidase immunohistological staining kit was purchased (Histostain-SP Kit 95-6543 for use with mouse primary antibody; 95-6143 for use with rabbit primary antibody; Zymed Labs., Inc. San Francisco, CA). Hematoxylin solution Gill No. 2 was purchased (GHS-2-178; Sigma Chemical Co., St. Louis, MO). Agarose for use in the anchorage-independent growth assay was purchased (551OUB; Bethesda Research Laboratories, Gaithersburg, MD). All human sera used in growth assays were obtained from healthy normal volunteers using vacutainer sterile blood collection tubes with no additives (Becton Dickinson Canada Inc., Mississauga, Canada). Recombinant human PDGF was obtained (2038-01; Genzyme, Cambridge, MA). TGF-# was obtained (100-B; R & D Systems, Minneapolis, MN). Dexamethasone (DEX) was purchased (DIN 00664227; Sabex, Boucherville, Quebec, Canada).
Antibodies. Antisera to human antigens were purchased from Sigma Chemical Co.: a-actin (A-2668, polyclonal); a-tropomyosin (T-3651, poly) a-vimentin (V-6630, mAb); a-SMC actin (A-9047, mAb); a-laminin (L-6145, polyclonal); a-desmin (D-9159, mAb); acytokeratin (P-1548, mAb) . Antisera to human antigens were purchased from Dako Corp. (Carpinteria, CA): a-tenascin (M-636, mAb); a-CD34 (M-824, mAb); a-fibronectin (A-245, polyclonal); aFactor VIII (A-082, polyclonal); nonimmunized rabbit serum (X-902). Purified mouse myeloma IgGl was purchased from Zymed Labs., Inc. (02-6 100). Antiserum to human fibronectin receptor was purchased from Telios Pharmaceuticals, Inc. (San Diego, CA) (A-108, polyclonal).
Cell lines. We have previously established a number of human primary fibroblast lines. Fibroblast lines were established by outgrowth from explants as previously described (16, 17 Anchorage-independent growth assay. An anchorage-independent growth assay similar to that previously described (24) (a) Normal human lung fibroblasts were grown to confluency, washed twice with warm PBS, trypsinized, centrifuged, and a cell pellet was obtained. A 2:1 ratio (vol/vol) ofthe agarose solution was added to the pellet and the mixture stirred to disperse the cells. The agarose/cell mixture was allowed to harden, fixed in AcA, and then processed as described above; (b) Human fibrosarcoma line HT-1080 was used as a positive control for colony formation. The cells were treated similar to the fibrotic lines.
Colony expansion. To pick and expand individual cell colonies, the above assay was repeated using low-melting point (LMP) agarose (5517UA; Bethesda Research Laboratories, Gaithersburg, MD) (25) . Briefly, a base layer containing 1% LMP agarose was poured into each of 96 wells (Nunclon, InterMed Nunc, Roskilde, Denmark) and allowed to solidify at 4VC. A fixed number of cells (3 X 103 cells/well) was then added to the top layer (0.3% LMP agarose/20% human serum) and this mixture layered over the base layer. The top layer was allowed to solidify at room temperature and then the plates were wrapped in aluminum foil to avoid drying out and placed at 370C/5% CO2. In 7-10 d, those colonies with a diameter > 45 Mm were removed from the agarose by use ofa micropipette and inverted microscope and expanded in culture in RPMI supplemented with 10% FBS and 1% pen/strep.
Immunostaining of colonies. Immunoperoxidase staining of colonies was performed according to the manufacturer's instructions (Zymed Labs., Inc.) with minor modifications. Paraffin sections were dewaxed in xylene, passed through an ethanol series, and blocked for endogenous peroxidase activity with H202-methanol-HCl solution for 30 min at room temperature. Slides were then rinsed in 70% ethanol followed by distilled water, and then washed in Tris-buffered saline, pH 7.6 (TBS buffer). After incubation with nonimmune serum to block nonspecific binding, primary antibodies were applied to the sections and allowed to bind at room temperature for 1 h. The sections were then rinsed in TBS buffer, overlaid with a biotinylated secondary antibody, rinsed again in TBS buffer, and then incubated with a streptavidin-peroxidase conjugate. Sections were then incubated with a substrate-chromagen mixture (AEC; Zymed Labs., Inc.), counterstained with hematoxylin, and coverslipped.
Electron microscopy (EM) studies. Agarose blocks containing the fibroblast colonies were harvested between days 10 and 14, fixed overnight in 2% gluteraldehyde at 4°C, and then processed for transmission EM analysis.
Cytokine modulation ofanchorage-independent growth. All soft agarose studies were performed as described above with the following modifications. Fibrotic, neonatal, and normal adult lung fibroblast lines were cultured in a 0.4% agarose top layer containing either PDGF (5 ng/ml), TGF-# (100 pg/ml), or dexamethasone (10-6 M) in the presence of 20% human serum. The cultures were then incubated at 37°C/ 5% CO2 and colony growth (diameter, > 45 Mm) was assessed 10-14 d after plating. All experiments were performed in duplicate.
Results
Fibrotic adult and normal neonatal lung fibroblast cell lines exhibit colony formation under anchorage-independent conditions. The number of colonies appearing 10-14 d after plating is presented in Table I . Examination of three fibroblast cell lines derived from areas of fibrotic lung tissue reveals that IPF fibroblasts readily form colonies under soft agarose growth conditions. In contrast, fibroblast lines derived from normal adult lung tissue do not exhibit the capacity to grow under anchorage-independent conditions. As a group, IPF fibroblasts form colonies with a frequency of 0.54% compared with Morphological examination reveals afibroblast-like nature to the colonies. Histological and EM examination oflung colonies was performed to determine morphological characteristics associated with colony growth. Over 30 colonies from each cell line were examined in detail. Fig. 1, A and B, illustrate a typical lung colony from a fibrotic cell line showing an inner multicellular centre surrounded by an extracellular granular type material, which stains intensely with hematoxylin and appears to be deposited into the agarose gel. Closer examination of each cell within the colony framework reveals the presence of large rounded nuclei, dispersed nuclear chromatin, and prominent nucleoli, all within an extensive cytoplasm.
The ultrastructural appearance ofthe colonies examined by EM analysis supports a fibroblast-like morphology for these cells (Fig. 2) Colony expansion and replating. To assess whether the capacity to form colonies develops as a result of the assay conditions or is an intrinsic property of a cell population, single colonies with a diameter > 45 !Lm were picked from low melt agarose. The cells were expanded to 5 X 106 (representing a further 22 population doublings from a single clone) and either reintroduced into the soft agarose culture system or carried for a further 2 passages and then reexamined in the colony assay. The ability of individual expanded clones to again form colonies was demonstrated, however, in general, the percentage of colony-forming units was observed to decrease with successive passage, from 0.38% with the parent line to 0.08% at a further two passages of the expanded colony (Table II) .
Effect ofPDGF, TGF-fi, and corticosteroid on growth in soft agarose. To examine possible mediators of colony formation in the soft agarose conditions, PDGF, TGF-f3, and DEX were tested for their ability to modulate anchorage-independent growth. Fig. 3 illustrates that the addition of PDGF or DEX greatly enhances soft agarose colony growth of fibroblasts derived from fibrotic lung tissue, but has little effect on neonatal fibroblast colony growth. TGF-f3, in contrast, acts by partially inhibiting the ability of both fibrotic and neonatal lung fibroblasts to form colonies. On the contrary, the addition ofPDGF, TGF-#l, or corticosteroid did not induce any colony growth by normal adult lung fibroblasts.
Discussion
We have previously shown that cell lines isolated from fibrotic adult lung tissues compared with normal lung lines exhibit faster proliferative characteristics ( 16) . In this study, using a soft agarose culture system, we have shown that fibroblasts derived from fibrotic lung tissue (IPF) exhibit colony growth under anchorage-independent conditions whereas fibroblasts derived from normal adult lung tissue do not. This is further evidence of heterogeneity within lung fibroblast populations and between healthy and diseased (IPF) fibroblasts. We have also previously shown that primary lines ofneonatal lung fibroblasts proliferate faster than control fibroblast lines ( 17) , and demonstrate here that neonatal lung cell lines also form colonies under anchorage-independent growth conditions ( Table  I) . These results suggest that cells exhibiting the ability to grow under anchorage-independent conditions in fibrotic lung tissue may bear some resemblance to the differentiating embryonic Anchorage-independent Growth fibroblast, a finding not at all surprising when one considers the sudden recruitment of actively dividing fibroblasts during wound healing and repair. Moreover, the ability of these cells to grow under anchorage-independent conditions, a characteristic generally associated with a transformed phenotype, suggests an aggressive nature to these cells consistent with the fibroproliferative nature of fibrosing disease. We cannot, however, relate proliferative capacity with anchorage-independent growth as we have no evidence directly linking the two characteristics. The ability to form colonies under soft agarose growth assay conditions has also been documented for synoviocytes isolated from kneejoints ofpatients with rheumatoid arthritis and from experimental animal models of rheumatoid arthritis, another chronic inflammatory connective tissue disease (24) . It was proposed by these authors that these synoviocytes exhibit a "transformed-like" phenotype, although no evidence for transformation was demonstrated. Thus, long-lived structural cells may play a critical role in the pathogenesis of fibrosis, after repeated episodes of inflammation and repair, by means ofthe emergence of a group of phenotypically altered cells that pos- E DX Figure 3 . Modulation ofgrowth in soft agarose by PDGF, TGF-,B, and corticosteroid. Human fibroblast cell lines derived from fibrotic, neonatal, and normal adult lung tissue were cultured under soft agarose growth conditions in the presence of PDGF (5 ng/ml), TGF-B (100 pg/ml), of DEX ( 10 6 M) as described in Methods.
sess characteristics pivotal to the continued presence ofinflammation.
HT-1080 fibrosarcoma cells are transformed tumor cells presumably having clonal identity. Thus, all cells should be capable ofgrowing as a colony in soft agarose. However, in the assay as performed, for HT-1080 cells, the colony-forming unit frequency is only 1.1% ofplated cells, suggesting the assay may underestimate the potential for colony formation. The estimated frequency ofcolony-forming units for IPF lines (0.54%) may also underestimate this capacity.
The ability to exhibit anchorage-independent growth appears to be intrinsic to cells in the original population since colonies that are picked and expanded can again form colonies, although at a reduced rate when compared with the parent line ( Table II) . The fact that we observe a reduction after passage in culture of the colonies is consistent with previous reports (28, 29) demonstrating a similar decrease in proliferative capacity as clones of normal dermal fibroblasts are passaged. Moreover, a decrease in the colony-forming capacity of late passage synoviocytes as compared with early passage synoviocytes has also been documented (24) . These data suggest a progressive shift in the proportion of immature fibroblasts, possibly those that proliferate faster, within the population capable offorming colonies to a more differentiated fibroblast that loses its ability to form colonies.
To better characterize the nature of the fibrotic fibroblast phenotype, we examined both fibrotic and neonatal lung colonies using conventional histological, immunohistological, and ultrastructural analysis. Upon histological examination, a dense granular-type material was seen to be deposited within the agarose directly surrounding the colony (Fig. 1 B) . It is possible that this extracellular material may function, at least in part, to provide a source ofstability and support to the growing colony. Both fibrotic and neonatal lung-derived colonies retained intermediate filament phenotypes consistent with fibroblast morphology as described by others (the presence of vimentin, and the absence of keratin and desmin) (30, 31 ). The immunolocalization of vimentin was found to be both intracellular and extracellular, indicating that this protein is being released into the matrix surrounding the colony, as a result of cell lysis (32) .
In considering the source and nature ofthe cell that exhibits colony-forming activity in the primary line, two possible candidate cells in pulmonary tissue should be considered. The presence ofa fibroblast-like cell in granulation tissue during healing has been described that shares structural and functional features of both smooth muscle cells and fibroblasts and that exhibits immunostaining to a-SMC actin (33, 34) . Since myofibroblasts share immunohistochemical features with those of fibroblasts, that is, vimentin positive and desmin negative, and since myofibroblasts have been described and are implicated in the pathogenesis of IPF (35) and bronchial asthma (36), we examined our lung colonies for a-SMC actin expression. Neither the fibrotic-derived lung fibroblast colonies nor the neonatal-derived lung fibroblast colonies stained positive for a-SMC actin, suggesting the myofibroblast is not a component of the colony-forming unit.
A second cell that has possible relevance is the pericyte, which has morphology similar to the fibroblast and may provide a precursor population for newly differentiated fibroblasts and/or smooth muscle cells during wound repair (37, 38) . Pericytes express an important matrix protein, tenascin, that is known to be expressed during embryonic development, during tissue growth and reorganization, and in the stroma of some malignant tumors occurring in adulthood (39, 40) . No tenascin-positive staining was observed in either the fibrotic or neonatal lung colonies.
The finding that colonies are negative for both a-SMC actin and tenascin would seem to rule out both the pericyte or myofibroblast as being present in the colony (39, 41 ), but does not necessarily rule out their role as precursors to the colony-forming cell. These aspects are currently under investigation in our laboratory.
Examination of lung colonies for the expression of other extracellular matrix proteins demonstrates that both fibrotic and neonatal lung colonies were positive for laminin expression (with most of the antibody localized in the cytoplasm) and that both types of colonies appear to synthesize and secrete large quantities of fibronectin (Fig. 1 F) . Moreover, intense extracellular immunostaining was also demonstrated for the fibronectin receptor, suggesting the receptor is continually being expressed and removed from the cell surface, however, in the case ofthe colonies, this is held in the immediate area by the agarose matrix (Fig. 1 E) . Normal lung fibroblasts also exhibited immunostaining to laminin, fibronectin, and the fibronectin receptor. In the case of the fibronectin receptor, localization was specific to the cytoplasm with no evidence of extracellular deposition into the surrounding agarose, however, these cells were not cultured in the agarose for any time. In the context of wound healing and repair, an increase in expression ofthe fibronectin receptor could promote the migration of selected clones of fibroblasts into areas of active injury, where under the appropriate signals they may continue to proliferate and lay down fibrous material (42, 43) . Fibronectin receptor expression may also function to allow the growing colony to remain anchored to the extracellular fibronectin it has deposited.
To better understand the mechanisms surrounding the soft agarose growth response of the various lung fibroblast types (i.e., fibrotic, etc.), and determine susceptibility to cytokine exposure, PDGF, TGF-f3, and DEX were tested for their ability to modulate colony formation. The addition of PDGF, which is a known stimulator of fibroblast proliferation, greatly enhanced ( -50%) the number of colonies formed by fibrotic lung fibroblasts, but showed little effect on neonatal colony formation. TGF-fl, which is known to mediate the transformation of fibroblasts, was found to partially inhibit the colonyforming abilities of both fibrotic and neonatal lung fibroblast cell lines. Similar findings have also been documented for rheumatoid arthritis synoviocytes, with PDGF simulating and TGF-fl inhibiting colony formation (24, 44) . The finding that PDGF and TGF-,B are not able to induce colony formation in any of the normal adult lung fibroblast cell lines implies that the mechanisms surrounding colony formation in soft agarose are not simply due to susceptibility to growth factors present in the culture media, but likely the result of phenotypic differences inherent to the initial fibroblast subpopulation itself, as PDGF induces fibroblast proliferation under normal culture conditions (adherence) in these same cells (data not shown).
This study also demonstrates that glucocorticoid has a marked effect on fibrotic lung fibroblast colony formation, with DEX enhancing colony formation by nearly 100%. In contrast and similar to response to PDGF, DEX was shown to have little effect on neonatal lung fibroblast colonies, and does not induce colony formation by normal adult lung fibroblasts.
The observation that treatment with steroid actually enhances the numbers of colony-forming cells in the fibrotic lung fibroblast population raises questions as to the exact role antiinflammatory drugs play in the treatment of fibrosing disease.
Our data demonstrate that fibroblasts obtained from chronically inflamed fibrotic lung tissue behave differently under anchorage-independent growth conditions than fibroblasts obtained from normal lung tissue. Further, this behavior is present in fibroblasts obtained from neonatal lung tissue.
The similar behavior seen in fibrotic and neonatal cell lines suggest newly differentiated cells with aggressive growth characteristics populate fibrotic tissue contributing to the altered growth and matrix deposition. Whether these colony-forming cells are direct contributors to the process is as yet unclear, but clearly shows a phenotypic difference between normal and fibrotic lines in growth and cytokine response characteristics.
Lafyatis et al. (24) have previously shown that human synovial fibroblasts maintain colony growth in soft agarose. Synovial cells have been shown to possess a variety ofmarkers indicative of an "aggressive phenotype," including PDGF, FGF, and TGF-0 expression (45, 46) . Moreover, the cytoskeletal and ECM components that we have observed in the lung colonies are also found in normal lung fibroblast cell lines. This suggests that the ability to grow in soft agarose may be due to a secreted product(s) or other membrane-bound protein important in growth and differentiation, and not expressed by quiescent normal lung fibroblasts. The future direction in characterizing the phenotype of the soft agarose-growing lung fibroblast may lie in the analysis of steady state levels of growth factors, cytokines, and their receptors known to be important in cell growth and differentiation. Moreover, further phenotyping of these lung colonies may help to address the role of subpopulations of fibroblasts in the propagation of chronic tissue inflammation.
